












In response to the need to further explore and understand the technical needs and challenges presented by




pollutant, risk–based” approach aimed at further reducing population risk from exposure to ozone, PM2.5 and


























In 2004, the National Research Council (NRC) report Air
QualityManagement in theUnitedStates recommended that the
U.S. Environmental Protection Agency (EPA) transition from a
“pollutant–by–pollutantapproach toairqualitymanagement toa
multi–pollutant,risk–basedapproach”.Sincetherehadnotbeena
complete technical demonstration of the application and evaluͲ
ation of a multi–pollutant, risk based approach, we decided to
undertake a case study focused inoneurban area. For this case
study, theareaofDetroitwas chosendue to themulti–pollutant
nature of the air quality problems there and thewealth of data




implementing such a framework as compared to a single–pollutͲ
ant, State Implementation Program (SIP)–based approach to air
qualitymanagement.Todothis,weworkedthroughaprocessto
useourtechnicaltools,methodsanddatatoevaluatethelocaland
regional impacts of changes in criteria and toxic pollutant emisͲ
sionsonairquality from twocontrastingairqualitymanagement





isaimedat further reducingpopulation risk fromexposure toO3,




Aspartof this case study,weestablisheda technical frameͲ
work,asshowninFigure1,inwhichourtwocontrastingstrategies
couldbeformulated,modelledandevaluated.Inthisframework,a
control strategy is developed and thenmodelled using amulti–
pollutantemissions inventory,controlmeasuresdatabase,andair
qualitymodellingsystem.Dataoutputfromthemodellingplatform
is then used to calculate the resultant change in air quality, for
bothcriteria(O3andPM2.5)andhazardousairpollutants(CAPsand
HAPs), and to inform tools that assess the impactof the control
strategyonchangesinhumanhealthriskandexposure.Theresults
of this assessment could then be used tomake changes to the
controlstrategy, ifneeded.Thedetailsonthecomponentsofthis





Toallow foranalysisof theairquality impactsofbothCAPS
and HAPS in this project, we used the 2002 NEI v3.0, with
integrated data (U.S. EPA, 2008b). This base year inventorywas
thenprojected to createa2020 futureyearemissions inventory,
taking intoaccountanynational rulesor“on thebooks”controls
and any growth or decline of an emissions source group. The
resulting emissions inventory was then processed with SMOKE
(Sparse Matrix Operator Kernel Emissions) for input into the
CommunityMultiscale AirQualityModeling System (CMAQ) and







been updated to be more reflective of the Detroit urban area
(ToolyandWesson,2009).Theseupdates included: incorporation
of theEPA solvent study foreleven solventutilizationcategories;
activity updates for construction and agriculture equipment and
recreationalmarine vessels; better spatial allocation of county–
level recreational marine vessel emissions; and updates to the
commercialmarinevesselandrailroademissionsdata.Inaddition,





For the mobile emissions, the most recent version of the
Consolidated Community Emissions Processing Tool (CONCEPT)
was used to produce link–based mobile emissions for PM and
toxics for the seven counties in the Detroit area: Livingston,
Macomb, Monroe, Oakland, St. Clair, Washtenaw, and Wayne
counties. These counties are part of the Southeast Michigan
Council of Governments (SEMCOG), which provides predicted
diurnal variability in vehicle miles traveled from the SEMCOG
Travel Demand Model (TDM) to CONCEPT. These link–based
mobile emissions provide a more refined allocation of mobile
emissions for this project and improve the ability to analyze the





For this project, we implemented and modeled multi–
pollutantcontrol information forcontrolmeasures inbothofour
control strategies.We did this so we could represent the true
multi–pollutant nature of the selected controlmeasures in both
strategies and enable comparison across relevant population
exposures toCAPsandHAPs.While therearedatabases, suchas
AirControlNet1), thatcansupplycontrolefficiency information for
the primarily reduced pollutant(s), it can be difficult to find this
same information for other pollutants affected. However, to do
truemulti–pollutantassessments,thisinformationiscriticalandso
we sought to complete this information for all the control
measures in the two strategies.We accomplished this through
literature searches, in discussionswith EPA source–specific engiͲ
neers, and by sometimesmaking simple assumptions about the
relationshipsbetweendirectlyemittedparticlesorgaseousspecies
reduced. Table 1 lists the controlmeasures in each of the two







Theairqualitymodeling isan integralpartof theproject. It
takes inputs from the multi–pollutant emissions inventory and
control measures databases and produces information on the
changeinairqualityforinputintotoolsthatanalyzeexposure,risk,




models were run for the months of January, April, July and




multi–pollutant (i.e., ozone, particulates, toxics, acid deposition,
and nitrogen loading) capability via a generalized chemistry
mechanism, general numerical solver, and comprehensive deͲ




Figure2.Themeteorological inputs forCMAQwerederived from
MM5 data that were processed to create model–ready inputs
using the Meteorology–Chemistry Interface Processor (MCIP),
version 3.4. Initial Condition and Boundary Conditions were
supplied for theMidwestDomain from a complementary CMAQ





AERMODmodeling. The AERMODmodel (U.S. EPA, 2004a; U.S.
EPA,2004b;U.S.EPA,2004c) isEPA’spreferredairqualitydisperͲ
sionmodel for regulatoryairquality impactassessmentsof inert
pollutants thataredirectlyemitted froma varietyof sources for
transportdistancesofupto50km.Forthisstudy,AERMODversion
0430011 was run for the Detroit urban area. A receptor grid








and include:primaryorganic carbon,elemental carbon,benzene,
cadmium, 1,3–butadiene, nickel, naphthalene, manganese,
acetaldehyde, diesel particulate matter (DPM), formaldehyde,
methylene chloride, and 1,4–dichlorobenzene. The toxics were




Meteorological data were extracted from the 2002 12km2






of the “convective–like” boundary layer that forms during nightͲ
time conditions due to the urban heat island effect, the “urban
option”wasused.

Multiplicative Hybrid Approach. The Multiplicative Hybrid










anAERMOD receptor; andAERMOD_gridavg is the average conͲ
centration of a pollutant for all the AERMOD receptors located
withintherelevantCMAQgridcell.

The MHA was applied to PM2.5 and all toxic pollutants
modeled by AERMOD. For all of the toxic species except for
formaldehyde and acetaldehyde, there were no secondarily
formed components and Equation (1)was appliedwith CMAQ_
secondary equal to zero. For formaldehyde and acetaldehyde,
CMAQ was used to predict the primarily emitted component
(CMAQ_primary) and secondarily formed component (CMAQ_






emitted and secondarily formed components, and AERMODwas
not used to model all PM species. Therefore, we made the
following assumptions: (1) that SO4=,NO3–, andNH4+were all or
mostlysecondarilyformedsuchthattheycouldberepresentedby
CMAQ at the 12km2 grid2); (2) that elemental carbon (EC) and
primaryanthropogenicorganiccarbon (OC_PA)wouldnothavea
secondary formed component such thatCMAQ_secondarywould
equalzero;and(3)thatsodiumparticulatematter(ANAJ),chloride
particulatematter (ACLJ), and PM2.5 accumulationmode unspeͲ
cified anthropogenic mass (A25J) could be represented at the
12km2gridbyCMAQ.UsingtheseassumptionsandEquation(1)as
















This sectiondescribes the “StatusQuo” control strategyand
our approach used to develop the “Multi–pollutant, Risk–based”
controlstrategy.Thecontrolsusedinthetwoscenariosareshown
in Table 1 andwere applied to the 2020 baseline. The costs for
thesescenariosareshowninTable1byemissionssectors.Overall,








witha typical leastcostapproach.To reflect this,weutilized the
controls specified for the Detroit area by EPA in its Regulatory
ImpactAnalysis (RIA)of the revisedNationalAmbientAirQuality
Standard (NAAQS) forPM2.5 for theannual standardof15ʅg/m3
and the daily standard of 35ʅg/m3 (U.S. EPA, 2006)3). These
control measures were designed to bring the Detroit area into
attainment for these standards. For O3 control measures, we
includedallof thecontrols listedas“SelectedControlMeasures”
and “ContingencyMeasures,” aswell as some of the “Voluntary
Measures” provided in the “Ozone Attainment Strategy for
SoutheastMichigan” (SEMCOG, 2005) submitted to EPA in June
2005byMichiganDepartmentofEnvironmentalQuality (MDEQ).
As discussed above, though it is not typically part of the SIP
process,weincludedmulti–pollutantinformationforthesecontrol
measures so that in the air quality assessment the major




select controls for the “Multi–pollutant, Risk–based” control
strategy, we felt that it was important to have a good underͲ








of the highestmeasured values being at sites close to the city’s
industrial center. Population data from the 2000 Census shows
that there are large numbers of people living near these sites,
especially those inandnear thecitycenter.Speciationstudiesat
someof thesemeasurement sites (e.g.DearbornandAllenPark)
indicate there isa ratherhighdirectPMcomponentcontribution
suggesting a benefit of controlling local PM sources. Speciation
dataandmeasurementstudiessuggestthatsomeofthisdirectPM
component is composedof toxicmetals such asmanganese and
nickel, which the DATI report (Simon et al., 2005) indicated as
being important pollutants to reduce in concentration in the
Detroitarea.Theemissioninventoryshowedimportantsourcesof








3)We could not use the controls from theMDEQ SIP for PM2.5whenwe





















7.7     7.7 
CEMUpgradeandIMFofPM
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Point SQ 7.7     7.7 
FabricFilter(PulseJetType) MineralProductsͲ
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Point SQ 95     95 
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Processing
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For O3, the Detroit–Ann Arbor area was classified as a
moderatenonattainmentarea4)ofthe8–hourozonestandardwith
the2001–2003deriveddesignvaluebeing0.097ppm (relative to
the 0.085ppm 1997 8–hour standard).Modeling results indicate
the area to be “VOC–limited,” especially in the urban core, sugͲ
gesting thatreducingvolatileorganiccompound (VOC)emissions,




that could be identified as contributing the most to the risks.

4)OnSeptember16,2004,EPAgrantedtherequestmadebySEMCOGand
MDEQ to reclassify SoutheastMichigan from amoderate nonattainment
areatoamarginalnonattainmentareaforozoneairpollution.
These included 1,4–dichlorobenzene, acrylonitrile, benzene,
formaldehyde, methylene chloride, naphthalene, carbon
tetrachloride, acetaldehyde, and 1,3–butadiene. Reducing
emissions of these pollutants suggests a possible co–benefit of
reducingbothO3andtoxicrisk,especially ifreductionstakeplace
inornearthecitycenterwheretheareaisthemost“VOC–limited”
and thepopulation ishigh.Theemission inventory indicates that
importantsourcesofVOCs in thearea includeon–roadandnon–
road vehicles, solvents, residential wood combustion and some
industrialsources.

Using this information, we developed the “Multi–pollutant,
Risk–based” control strategy. Ourgoalwas to find controlmeaͲ
suresthatwouldgetatleastthesamereductionsforPM2.5andO3
atthemonitorsasthe“StatusQuo”controlstrategyachieved,but
also to go further in reducing PM2.5, O3 and selected air toxic
300 Wessonetal.–AtmosphericPollutionResearch1(2010)296Ͳ304 
concentrations throughout the region,with aparticular focuson
denselypopulatedareas.Todo thiswe focusedon findingpopuͲ
lation oriented reductions, when possible, and tried to select
controlsthatwouldofferaco–controlopportunity,especiallywith
respecttoreducingairtoxics.Betweenthetwostrategies,wetried
to keep similar total reductions for theprimary controlledpolluͲ
tantsbutmaketrade–offsamongpollutantsreduced.Wedidthis
to keep the “Multi–pollutant, Risk–based” control strategy from
beingmore successful simply due to larger emission reductions,
though we understood that this would not necessarily be the
approachastatewouldtake indevelopingthistypeofstrategy.It
should be noted, however, that while the tons reduced were
similarbetween the twostrategies, thereweredifferences in the




did consider control costs by aiming to find cost–effective
reductions(i.e.$perμg/m3andppbreduced)amongstourcontrol










and the Human ExposureModel–3 (HEM–3) to assess how the
controlstrategiesaffecthumanhealth.ForBenMAP,O3andPM2.5
concentrationswereinputfromCMAQfortheMidwestdomainto
capture regional changes, while local effects were captured
through the PM2.5 concentrations from the MHA. For HEM–3,
toxics concentrationswere input from theMHA for the Detroit
urbanareafortheAERMODdomainshowninFigure2.

BenMAP. BenMAP is a desktop PC and geographic information
system–based computer program that estimates the health
impactsandmonetizedbenefitsofpopulation–levelchangesinair
pollution (Abt, 2008). BenMAP applies health–impact functions,
which isawellestablishedapproachforrelatingambientchanges




ofairpollutionhealth impacts,BenMAPmultiplies the change in






O3–relatedhealth impactsandmonetizedbenefitsof the “Status
Quo”andthe“Multi–pollutant,Risk–based”controlstrategies.O3
andPM2.5concentrationswereinputfromCMAQfortheMidwest









representative (Hubbell et al., 2009). In particular, national or
regionalized effect coefficients and baseline incidence rates are
less likely to characterizewell the risksof airpollution exposure
changes or the baseline incidence rate for key health endpoints
includingmortality,ratesofchronicdiseasesuchasbronchitisand
ratesforacuteeventssuchashospitalandemergencydepartment
admissions. For this analysiswe collaboratedwith theMichigan
Department of Environmental Quality to procure ZIP–code level
hospitalization rates for key health endpoints including hospital
admissions for asthma (ICD–9493), chronicheartdisease (ICD–9











other portions of the country. We also applied “EPA default”
economicvaluationfunctions(U.S.EPA,2010a).

HEM–3. The Human ExposureModel–3 (HEM–3), Version 1.2.0
(U.S. EPA, 2010b)was used to determine the effect of the two
control strategies on human exposures and health risks. Annual
average concentrations for the toxic pollutants were calculated
using theMHA and input intoHEM.Using theVoronoiNeighbor
Averaging (VNA) interpolation technique (Abt, 2003), pollutant
concentrationswere interpolated from the receptor locations to
the Census block centroids in theDetroit urban area.Using this
data, HEM–3 estimated cancer risks and non–cancer adverse
health effects due to inhalation exposure at each block. Cancer
riskswerecomputedusingEPA’srecommendedunitriskestimates
for toxic air pollutants (U.S. EPA, 2007). The resulting estimates
reflecttheriskofdevelopingcancerforanindividualbreathingthe
ambientairatagiven receptorsite24–hoursperdayovera70–









for a given organwas computed as the sum of the hazard quoͲ
tients for substances that affect that organ. HEM–3 identified
receptor locationsatwhich thepredicted cancer riskandhazard
indiceswere the highest, and the contributions of the different
pollutantstotheoverallcancerrisksandhazardindices.Themodel





Using the currently available tools, methods and data
describedabove,weapplied the frameworkshown inFigure1 to






What are the population weighted and monetized air quality
changes forPM2.5andO3? (4)What is theeffecton total cancer
and non–cancer risk? (5) How do the net benefits and cost
























PM2.5 31485 1747 6% 3183 10% +1436
SO2 187525 10297 5% 2429 1% Ͳ7868
VOC 104872 5814 6% 8623 8% +2808
NOX 118432 31 0.03% 2016 2% +1985








Benzene 130.25 138.73 +8.84
1,3ͲButadiene 41.52 13.19 Ͳ28.33
1,4ͲDichlorobenzene 15.28 15.28 NoChange
Formaldehyde 19.16 44.50 +25.34
MethyleneChloride 1.63 0 Ͳ1.63
Naphthalene 16.74 4.24 Ͳ12.50
Manganese 0.86 8.50 +7.64
Cadmium 9x10Ͳ4 2x10Ͳ4 Ͳ7x10Ͳ4
Nickel 0.19 0.05 Ͳ0.14




Using EPA’s Model Attainment Test Software (MATS) (Abt,
2009),themodelleddataforJanuary,April,JulyandOctober,2002
and each of the future year scenarios (i.e. 2020, 2020with the
“StatusQuo”controlstrategy,and2020withthe“Multi–pollutant,
Risk–based”controlstrategy)wereusedtocomputeO3andPM2.5
design values (DVs). DV calculation for both O3 and PM2.5 used
ambientmonitoring data from 2000–2004. For PM2.5, an annual
average DV5)was calculated using the fourmonths ofmodelled
data. For O3, the July data were used to compute an 8–hour




We then compared the DVs from both of the control
strategies to understand how the control measures selected in
eachaffectedthepredictedairqualityatthemonitors.ForPM2.5,
the “Multi–pollutant, Risk–based” control strategy showedmuch
higherdecreasesinthePM2.5annualaverageDVs,especiallyatthe




“Multi–pollutant, Risk–based” control strategy in place was
13.3ʅg/m3. Similar results were shown for the N. Delray (ID
#261630015)andWyandotte(ID#261630036)monitorswherethe







of the “Multi–pollutant, Risk–based” control strategy, many of
thesemonitorDVsdecreasedby1–3ppb,whichwasequal toor
morethanthepredictedreductionsresultingwiththeapplication
of the “Status Quo” control strategy. TheMacombmonitor (ID
#260991003)wasoneof themost impactedby thecontrolstratͲ
egieswith apredictedozone 8–hrmaximumDVof 78.7ppb for
2020,78.6ppbwith the “StatusQuo” control strategy, and78.4
ppbwiththe“Multi–pollutant,Risk–based”controlstrategy.






regionally in theareaoutside theurban core,we found that the
“Multi–pollutant, Risk–based” control strategy almost always
produced greater reductions in PM2.5 and ozone concentrations.
For air toxics,we examined the airquality changes in theurban
coreofDetroitasdefinedbytheAERMODdomainshowninFigure
2.Wefoundthatformostoftheairtoxics,thecontrolmeasuresin
the “Multi–pollutant,Risk–based” control strategy almost always
resulted in greater reductions than those from the “StatusQuo”
control strategy.We furtherexamined theeffectof these reducͲ







quantifying both a point estimate as well as 95% confidence
intervals.Both control strategies yield substantialhealthbenefits
intheformofhundredsofavoidedprematuremortalities,dozens
ofavoidedchronic illnesses includingacutemyocardial infarctions
and chronic bronchitis, and dozens of avoided acute effects
including asthma exacerbations, respiratory and cardiovascular
hospitalizations and emergency department visits (Table 3).
Consistent with previous EPA analyses assessing PM2.5 and O3–
related impacts,prematuremortalityrepresentsthe largestsingle




As shown in Table 4, the total monetized benefits were
approximately$1.1Bforthe“StatusQuo”controlstrategyversus
$2.4B (2006$, 3% discount rate) for the “Multi–pollutant, Risk–
based” control strategy, relative to the2020baseline. ForPM2.5,
we estimated both the local and regional benefits7). The local

6)Readersinterestedinadditionaldetailsregardingthevaluationestimates
used tomonetize each health endpointmay refer to the 2010 Transport
RuleRIA(U.S.EPA,2010a).




benefitswere $610million and the regional benefitswere $520
million for the “StatusQuo” control strategywhile the local and
regional benefits were $1,600million and $810million, respecͲ
tivelyforthe“multi–pollutant,risk–based”controlstrategy.ForO3,
we analyzed thebenefits for the entireMidwestCMAQdomain,
whichwere$0.9millionforthe“StatusQuo”controlstrategyand
$2.1 million for the “Multi–pollutant, Risk–based” control
strategy8).
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control strategies. Cancer risks and non–cancer hazard indices
were estimated for 1,3–butadiene, acetaldehyde, benzene,
cadmium compounds, formaldehyde9),methylene chloride,naphͲ
thalene,nickelcompounds,and1,4–dichlorobenzene.BecauseEPA

8) This analysis omits other important health, welfare and ecological
categories including SO2 and NO2Ͳrelated health impacts, recreational
visibilityandchanges interrestrialandaquaticacidificationamongothers.
We excludeother categoriesdue toour inability toquantify impactsand
monetize benefits.Were they included, these categoriesmight affect the
distributionofbenefitsamongthetwostrategies.
9)The formaldehydecancerunitestimateof5.5x10Ͳ9perʅg/m3wasused,
whichwas based on a Chemical Industry Institute of Toxicology analysis.
Thisvalue issubstantially lowerthanthecurrent IRISvalueof1.3x10Ͳ5per
ʅg/m3.AnewEPAIRISassessmentisunderway.
hasnocancerunit riskestimates fordieselengineemissionsand
manganese compounds, only non–cancer hazard indices were
estimatedforthesepollutants.

For both control strategies, the largest contributor to
maximumindividualcancerriskwascadmiumcompounds,andthe
largest contributor to cancer incidencewasbenzene.Therewere
no significant differences in maximum individual cancer risk or
cancer incidencebetween the twocontrolstrategies.Thehighest
non–cancerhazardindex(neurological)wasdrivenbymanganese,
and was 3 for the “Status Quo” control strategy and 2 for the
“Multi–pollutant,Risk–based”controlstrategy.Underthe“Multi–
pollutant, Risk–based” control strategy, there were about 70
percentfewerpeopleaboveahazardindexofone.

These resultssuggest that, tohaveamoresignificant impact
on cancer risk, it would be important to prioritize emissions
controlsbasedonHAPrisk.Forexample, inthisstudywefocused
mostly on reducing total VOC emissions in order to achieve O3
concentration reductions. Though we did choose these VOC
emissionsreductionstobe frompopulation–orientedsources,we
mighthaveachievedgreatercancerriskreductions ifwehadalso
considered how to include emissions reductions of the HAPs
contributingthemosttotheriskand incidence,suchascadmium
andbenzene.Ofcourse,sinceourgoalwasalsotoreduceO3,we
would have needed to consider trade–offs between possible
emissions reduction scenarios to achieve both the cancer risk








pollutant, Risk–based” control strategy generated substantially
largerper–personreductionsinPM2.5andO3andmonetizedhealth
benefits.Table5summarizesthetotalmonetizedbenefitsforeach






was slightly larger than the “StatusQuo” control strategy–about
$56millionversus$66million(2006$),respectively.However,the







Aswith any complex analysis, the estimatespresentedhere
aresubjecttoanumberofimportantlimitationsanduncertainties.
Forexample, thisanalysis isbasedonairqualitymodellingwhich
relies on inputs of meteorological data, spatial and temporal
allocationsoftotalemissions,andspeciatedcontrolefficienciesfor
each control measure. There are uncertainties inherent in the
formulationoftheairqualitymodels,aswellasthedata inputto
themodels.Thepredictedairqualityconcentrationsarealsoused
in this study to estimate population exposure, relying on health
impact assessments and estimates of incidence rates, both of







































































While the uncertainties above are important, they do not
diminish our confidence in our principal finding: that a multi–
pollutant,risk–basedapproachtoairqualitymanagementissupeͲ
riortothe“statusquo”approach.ThisstudyilluminatestheimporͲ
tanceof linkingtogetherairquality informationand itsestimated
impact on health, as shown in Figure 1, to allow for better
informed control strategy development and to encourage






























based approach to air qualitymanagement; and (2) to compare
and contrast the results of applying a SIP–based, “status quo”
approach to emissions reductions to a “multi–pollutant, risk–
based”approach.Comparedtothe“StatusQuo”controlstrategy,
we foundthatthe“Multi–pollutant,Risk–based”controlstrategy:
(1) achieved the same or greater reductions of PM2.5 andO3 at
monitors; (2) showed improved air quality regionally and across
the Detroit urban core for multiple pollutants; (3) produced
approximatelytwotimesgreatermonetizedbenefitsforPM2.5and





iterative process that will be needed between the policy
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